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The study of magnetic reconnection in solar spicules
Z. Fazel, and H. Ebadi1
Abstract
This work is devoted to study the magnetic recon-
nection instability under solar spicule conditions. Nu-
merical study of the resistive tearing instability in a
current sheet is presented by considering the magneto-
hydrodynamic (MHD) framework. To investigate the
effect of this instability in a stratified atmosphere of so-
lar spicules, we solve linear and non-ideal MHD equa-
tions in the x − z plane. In the linear analysis it is
assumed that resistivity is only important within the
current sheet, and the exponential growth of energies
takes place faster as plasma resistivity increases. We
are interested to see the occurrence of magnetic recon-
nection during the lifetime of a typical solar spicule.
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1 Introduction
The mechanism of coronal heating is one of the major
problems in solar physics. The magnetic structure of
the corona can play an important role on the problem
of heating, so it should be necessary to study the con-
verting of the magnetic energy to heat.
Magnetic reconnection plays a critical role in many as-
trophysical processes, e.g. particle acceleration and so-
lar flares. Magnetic reconnection is a topological change
in the field which violates the frozen-flux condition of
ideal magnetohydrodynamics (MHD). If a magnetic
field can leak across the plasma it can reach a lower en-
ergy state, in the case of a current sheet, it can undergo
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”tearing” into magnetic islands. Tearing instability is
responsible for many cases of magnetic field line recon-
nection process which converts magnetic energy into
the thermal and kinetic energy of plasma flows in astro-
physical and laboratory plasmas (Priest & Forbes 2000;
Birn & Priest 2007; Zweibel & Yamada 2009). Nowa-
days emphasis in the tearing mode instability is focused
on physical effects that result in a much faster rate of
field line reconnection.
Yokoyama & Shibata (1995) modeled X-ray and EUV
jets and surges observed with Hα in the chromo-
sphere by performing a resistive 2D MHD simulation
of the magnetic reconnection occurring in the current
sheet between emerging magnetic flux and overlying
pre-existing coronal magnetic fields. Hinode observa-
tion revealed that jets are ubiquitous in the chromo-
sphere (Kosugi et al. 2007). De Pontieu et al. (2007),
from Hinode data estimated the energy flux carried by
transversal oscillations generated by spicules. They
indicated that the calculated energy flux is enough
to heat the quiet corona. He et al. (2009) based
on Hinode/SOT observations found the signatures of
small scale reconnection in spicules. They concluded
that magnetic reconnection can exit kink waves along
spicules.
Sweet (1958); Parker (1963); Petschek (1964); Soward & Priest
(1982) introduced magnetic reconnection as the central
process allowing for efficient magnetic to kinetic energy
conversion in solar flares and for interaction between
the magnetized interplanetary medium and magneto-
sphere of Earth.
Takeuchi & Shibata (2001) have investigated photo-
spheric magnetic reconnection induced by convective
intensification of solar surface magnetic fields, perform-
ing 2.5-dimensional MHD numerical simulations. They
concluded that in models of solar spicules, upward prop-
agating slow waves or Alfve´n waves are usually assumed
as initial perturbations. The wave energies due to the
2reconnections are comparable to those assumed in the
spicule models. The photospheric magnetic reconnec-
tion might be one of the important causes of solar
spicules.
Spicules, thin and elongated structures are one of the
most pronounced features of the chromosphere. They
are seen in spectral lines at the solar limb at speeds
of about 20 − 25 km s−1 propagating from the pho-
tosphere into the magnetized low atmosphere of the
sun (Zaqarashvili & Erde´lyi 2009). Their diameter and
length varies from spicule to spicule having the values
from 400 km to 1500 km and from 5000 km to 9000 km,
respectively. Their typical lifetime is 5 − 15 min, how-
ever some spicules may live for longer or shorter periods
(Murawski & Zaqarashvili 2010). The typical electron
density at heights where the spicules are observed is
approximately 3.5 × 1016 − 2 × 1017 m−3, and their
temperatures are estimated as 5000− 8000 K (Beckers
1968; Sterling 2000).
In this paper we present numerical simulation of mag-
netic reconnection due to the tearing mode instabil-
ity. Section 2 gives the basic equations and theoretical
model. In section 3 numerical results are presented and
discussed, and a brief summary is followed in section 4.
2 Theoretical modeling
2.1 Equilibrium
The formal description of reconnection requires the
choice of a dynamical model. We confine the discussion
to magnetohydrodynamics for a finite resistivity (resis-
tive MHD). The corresponding basic equations for the
non-ideal MHD in the plasma dynamics are:
∂ρ
∂t
+∇ · (ρv) = 0, (1)
ρ
∂v
∂t
+ ρ(v · ∇)v = −∇p+ ρg+ 1
µ0
(∇×B)×B (2)
∂B
∂t
= ∇× (v ×B) + η∇2B, (3)
∇ ·B = 0, (4)
p =
ρRT
µ
. (5)
where ρ is mass density, v is flow velocity, B is the
magnetic field, p is the gas pressure, R is the univer-
sal gas constant, η is constant resistivity coefficient, µ0
is the vacuum permeability, µ is the mean molecular
weight. We assume that spicules are highly dynamic
with speeds that are significant fractions of the Alfve´n
speed (VA0 = B0/
√
µ0ρ0).
A planar slab of a uniform plasma is embedded in a
sheared force-free magnetic field and surrounded by two
perfectly conducting boundaries at x= 0, Lx, where Lx
is the box size in the x direction:
B0 = B0y(x)jˆ +B0z(x)kˆ (6)
with
B0y(x) = 0,
B0z(x) = tanh(
x− zt
zw
) (7)
where zt=Lx/2 is the position of the middle of a spicule
and zw is the thickness of the initial current sheet (the
shear length of magnetic field configuration). Since
the equilibrium magnetic field is force-free, the pres-
sure gradient is balanced by the gravity force, which is
assumed to be g=−gkˆ via this equation:
−∇p0(z) + ρ0(z)g = 0. (8)
2.2 Perturbations
The governing equations defining temporal evolution of
perturbations is a set of single-fluid MHD equations:
∂ψ
∂t
= [φ, ψ] + η∇2ψ, (9)
∂∇2φ
∂t
= [∇2ψ, ψ] (10)
where ψ, the magnetic flux and φ, the stream function
are defined as follows:
B(x, z, t) = ∇ψ(x, z, t)× jˆ + b(x, z, t)jˆ, (11)
V(x, z, t) = ∇φ(x, z, t) × jˆ + vy(x, z, t)jˆ. (12)
The Poisson bracket notation [A,B]=(∇A×∇B) · kˆ is
adopted in Eqs. 9 and 10. Thus, the linearized dimen-
sionless MHD equations in terms of ψ and φ are given
by:
∂ψ
∂t
=
∂φ
∂z
∂ψ0
∂x
− η∇2ψ (13)
∂∇2φ
∂t
=
∂∇2ψ
∂z
∂ψ0
∂x
− ∂ψ
∂z
∂∇2ψ0
∂x
(14)
3where the partial differences are obtained from Eqs. 11
and 12 as follows:
∂φ
∂z
= −vx, ∂ψ0
∂x
= B0z, j0y = ∇2ψ0.
Here, velocity, magnetic field, magnetic flux, stream
function, time and space coordinates are normalized to
VA0, B0, B0a, a
2/τA, τA, and a (spicule radius), respec-
tively. The equilibrium profiles are shown in Figure 1.
3 Numerical results and discussion
We use the finite difference and the Fourth-Order
Runge-Kutta methods to take the space and time
derivatives in the coupled Eqs. 13 and 14. The im-
plemented numerical scheme is using by the forward
finite difference method to take the first spatial deriva-
tives with the truncation error of (∆x), which is the
spatial resolution in the x direction. The order of ap-
proximation for the second spatial derivative in the fi-
nite difference method is O((∆x)2). On the other hand,
the Fourth-order Runge-Kutta method takes the time
derivatives in the questions. The computational output
data are given in 17 decimal digits of accuracy.
We set the number of mesh-grid points as 256 × 256.
In addition, the time step is chosen as 0.001, and the
system length in the x and z dimensions (simulation
box sizes) are set to be (0,pi) and (0,2pi).
The parameters in spicule environment are as fol-
lows: a = 200 km(spicule radius), L = 6000 km
(Spicule length), v0 = 25 km s
−1, ne = 11.5×1016 m−3,
B0 = 1.2× 10−3 Tesla, T0 = 14 000 K, g = 272 m s−2,
R = 8300 m2s−1k−1 (universal gas constant), VA0 =
77 km/s, µ = 0.6, τ = 2.5 s, ρ0 = 1.9× 10−10 kg m−3,
p0 = 3.7× 10−2 N m−2, µ0 = 4pi × 10−7 Tesla m A−1,
zw = 0.5 and zt = 1.57 (in our dimensionless units),
H = 400 km, η = 103 m2 s−1, and k = 2pi/Lz = 1
(dimensionless wavenumber normalized to a).
Figure 2 shows the contour plots of the perturbed
flux function at different times, t= 0 s, t= 150 s, t=
300 s and t= 450 s. As tearing instability proceeds,
magnetic islands continuously emerge and develop as
a result of ongoing magnetic field line reconnection in
the considered lifetime of a solar spicule. In this figure,
the formation of magnetic islands characterized by the
magnetic X and O points can be seen clearly there. The
growth rate of tearing mode instability can be numeri-
cally obtained through calculating the slope of energy-
time graph at linear stage.
Figure 3 shows temporal variations of the magnetic
reconnection rate. The reconnection rate is obtained
by certifying the magnetic reconnection site at each
time step, which is found from the value of the mag-
netic flux at the point (128, 163) (the reconnection cite
in the simulation box). In this figure, the reconnec-
tion rate increases exponentially during a spicule life
time which is due to the linear phase of the instability
(Yokoyama & Shibata 1996). The gas density decreases
at neutral point because of gravitational downflow and
of plasma rarefaction due to outflows accelerated by the
magnetic tension of the reconnected field lines when is-
land is formed. Our simulations show that the recon-
nection can be occurred during of a spicule life time. It
is demonstrated by He et al. (2009) observationally in
a typical limb spicule.
The logarithmic energy-time graph which has been
shown in Figure 4, display the time variation of di-
mensionless magnetic energy, Em=
∫
(B2x + B
2
z)dv and
kinetic energy, Ek=
∫
(v2x + v
2
z)dv. In the linear phase,
the logarithmic magnetic and kinetic energies grow lin-
early (or exponentially in the non-logarithmic case)
with time.
4 Conclusion
The linear dynamics of magnetic reconnection in the
spicule structure was studied numerically. A set of in-
compressible magnetohydrodynamic (MHD) equations
described the evolution of tearing instability of a slab
of uniform plasma which had been embedded in a
force-free equilibrium magnetic field. The resistivity of
plasma was the main agent to trigger the reconnection
process by breaking of the frozen-in field constraint.
The considered plasma medium in this study was the
solar spicule environment. In fact, the ongoing recon-
nection process is intrinsically associated with the for-
mation of magnetic islands, and in the linear phase of
instability, the magnetic and kinetic energies in loga-
rithmic scale grow linearly as it is expected.
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Fig. 2 Contour plots of perturbed magnetic flux function at different times.
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Fig. 1 The equilibrium profiles of magnetic field, B0z, cur-
rent density, J0y and flux function ψ0.
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Fig. 3 Time evolution of the magnetic reconnection rate.
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Fig. 4 Time evolution of magnetic and kinetic energies in
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